Enhancement of Pb and Zn uptake by Indian mustard (Brassica juncea (L.) Czern.) and winter wheat (Triticum aestivum L.) grown for 50 days in pots of contaminated soil was studied with application of elemental sulphur (S) and EDTA. Sulphur was added to the soil at 5 rates (0-160 mmol kg −1 ) before planting, and EDTA was added in solution at 4 rates (0-8 mmol kg −1 ) after 40 days of plant growth. Additional pots were established with the same rates of S and EDTA but without plants to monitor soil pH and CaCl 2 -extractable heavy metals. The highest application rate of S acidified the soil from pH 7.1 to 6.0. Soil extractable Pb and Zn and shoot uptake of Pb and Zn increased as soil pH decreased. Both S and EDTA increased soil extractable Pb and Zn and shoot Pb and Zn uptake. EDTA was more effective than S in increasing soil extractable Pb and Zn, and the two amendments combined had a synergistic effect, raising extractable Pb to >1000 and Zn to >6 times their concentrations in unamended control soil. Wheat had higher shoot yields than Indian mustard and increasing application rates of both S and EDTA reduced the shoot dry matter yields of both plant species to as low as about half those of unamended controls. However, Indian mustard hyperaccumulated Pb in all EDTA treatments tested except the treatment with no S applied, and the maximum shoot Pb concentration was 7100 mg kg −1 under the highest application rates of S and EDTA combined. Wheat showed similar trends, but hyperaccumulation (1095 mg kg −1 ) occurred only at the highest rates of S and EDTA combined. Similar trends in shoot Zn were found, but with lower concentrations than Pb and far below hyperaccumulation, with maxima of 777 and 480 mg kg −1 in Indian mustard and wheat. Despite their lower yields, Indian mustard shoots extracted more Pb and Zn from the soil (up to 4.1 and 0.45 mg pot −1 ) than did winter wheat (up to 0.72 and 0.28 mg pot −1 ), indicating that the effects of S and EDTA on shoot metal concentration were more important than yield effects in determining rates of metal removal over the growth period of 50 days. Phytoextraction of Pb from this highly contaminated soil would require the growth of Indian mustard for nearly 100 years and is therefore impractical.
Introduction
Lead and Zn are two of the most common heavy metal contaminants in the environment. Human activities such as mining, smelting, dumping of municipal * FAX No: +1 305 246 7003. E-mail: qrwang@mail.ifas.ufl.edu sewage wastes, manufacturing processes and disposal of used batteries are the main sources of environmental contamination. Lead is not an essential element in metabolic processes in plants or animals, and it can accumulate to levels that are toxic or lethal to organisms. Zinc is an essential element in plant and animal metabolic processes, but it can also accumulate to toxic concentrations in the environment (Lock and Janssen, 2001 ). There is considerable interest in the development of low-cost techniques for remediation of sites contaminated with Pb and Zn that have minimal environmental side effects (Jung and Thornton, 1997; Martínez and Motto, 2000; Markus and McBratney, 2001) Phytoremediation (and especially phytoextraction) has recently been proposed as an effective method to remediate soils contaminated with Pb and Zn (Brennan and Shelley, 1999; Bunzl et al., 2001; Lock and Janssen 2001; Salt et al., 1995) . Phytoextraction is an environmental friendly and cost-effective approach that uses green plants for the in situ risk reduction for contaminated soil, sludge, sediments, and groundwater through contaminant removal. This process has been investigated in several field experiments (Blaylock et al., 1997; Kayser et al., 2000) .
There are two main strategies: The use of hyperaccumulator plant species that typically have relatively low yields and use of non-hyperaccumulator species with higher yields but lower metal uptake capacities. The criterion for hyperaccumulation varies for different metals, but was summarized by Baker et al. (1994) as >1000 mg for Pb and >10 000 mg for Zn kg −1 of shoot dry matter. The bioavailability of heavy metals is an important factor in the process of phytoextraction by non-hyperaccumulators, especially in neutral or calcareous soils. There are two main approaches that have been used to increase the bioavailability of heavy metals in soils: Lowering soil pH (Blaylock et al., 1997; Chlopecka et al., 1996; Salt et al., 1995) and adding synthetic chelates (Blaylock et al., 1997) such as EDTA, NTA and DTPA. There have been numerous studies focusing on one of these two approaches but few have dealt with the combined use of both approaches (Blaylock et al., 1997; Chlopecka et al., 1996; Kayser et al., 2000; Salt et al., 1995) . Ethyleneddiaminetetraacetic acid (EDTA) is an effective chelate that has been found to increase the solubility of heavy metals in soil and their bioavailability to plants, and the effect can be improved by decreasing soil pH (Blaylock et al., 1997) .
A decrease in soil pH can be achieved by application of mineral or organic acids or acid-producing fertilizers such as ammonium chloride (Huang et al., 1997; Salt et al., 1995; Wasay et al., 1998) . However, these methods have some limitations due to negative effects on soil fertility or soil structure, or they may lead to groundwater pollution. To avoid some of these constraints, the use of elemental S has been suggested to decrease soil pH and increase solubility of heavy metals in soils (Kayser et al., 2000; Tichý et al., 1997) . Certain groups of acidophilic soil bacteria, predominantly the genus Thiobacillus, can metabolise S in the presence of O 2 and generate H + and SO 4 2− , leading to soil acidification (Kayser et al., 2000; Lee et al., 1988; Tichý et al., 1997) . Thus, first lowering soil pH and then adding EDTA might be an effective strategy to maximize the phytoextraction of Pb and Zn from contaminated soils that are mostly neutral or slightly alkaline. A pot experiment was therefore designed to test this strategy. Elemental S and EDTA were added at different rates to Pb-and Zn-contaminated soil in which Indian mustard and winter wheat were grown. The main objectives of the study were to investigate the influence of S application on soil acidification and metal solubility and the effectiveness of EDTA and S applied alone or together on soil metal solubility and uptake by plants.
Materials and methods

Soil
The top 20 cm of soil was collected from a profile near a battery-recycling factory in Anhui province, China. The soil was air-dried, ground and sieved by passing through a 2-mm sieve. Physicochemical properties of the soil were as follows: pH (in 0.01 M CaCl 2 ) 7.1, CEC 6.05 cmol kg −1 , clay 25.1%, silt 42.8%, sand 32.1%, total Pb 31 000 mg kg −1 , total Zn 480 mg kg −1 , 0.01 M CaCl 2 -extractable Pb 1.59 mg kg −1 , and CaCl 2 -extractable Zn 0.20 mg kg −1 .
Experimental design and treatments
An orthogonal experimental design was employed with elemental S applied at 5 rates (0, 20, 40, 80 and 160 mmol kg −1 ) before planting and EDTA disodium salt at 4 rates (0, 2, 4, 8 mmol kg −1 soil) 40 days after planting. Fertilizer was applied at rates of 120 mg N (NH 4 NO 3 ), 80 mg P (KH 2 PO 4 ) and 120 mg K kg −1 (KCl and KH 2 PO 4 ) with N:P:K = 1:0.67:1. Sulphur and fertilizer were thoroughly mixed prior to potting. Each pot received 500 g of soil, which was allowed to equilibrate for a period of 14 days before the plant seeds were sown in the glasshouse. Indian mustard (Brassica juncea (L.) Czern.) and winter wheat (Triticum aestivum L.) seeds were sown at a rate of 15 pot −1 and thinned to leave 8 seedlings in each pot one week after germination. The experiment was carried out in a glasshouse with an artificial irradiance of 400 µmol m −2 s −1 photon flux density over a manually-controlled 14-h photoperiod each day. Soil water content was adjusted regularly by the weight equivalent to about 60% of water holding capacity. Plants were grown for 50 days. Corresponding rates of EDTA were applied to the soil in aqueous solution (25 ml per pot) 10 days before the plants were harvested. There were three replicates of each treatment and additional pots were set up with the same levels of S and EDTA but without plants, which were used for soil sampling to monitor changes in soil pH and CaCl 2 -extractable heavy metals during the course of the experiment.
Sampling and analysis
Soil samples were collected from the pots with no plants at 10-day intervals throughout the experiment using a cylindrical soil sampler. The samples were passed through a 2-mm nylon sieve. Soil pH was measured on sub-samples using a 1:2.5 soil: 0.01 M CaCl 2 ratio by pH meter. Twenty mL of 0.01 M CaCl 2 were added to 2.00 g of air-dried soil in a 50-mL polypropylene centrifuge tube. The tube was shaken end-over-end for 16 h at 25 • C, then centrifuged at 4000 rpm for 10 min. The supernatant was decanted for Pb and Zn determination by atomic absorption spectrophotometry (AAS) or inductively coupled plasma-atomic emission spectroscopy (ICP-AES) (Novozamsky et al., 1993) . Subsamples (0.1000 g) were digested with a mixture of concentrated HNO 3 :HClO 4 :HF (3:1:1 in volume) and soil total Pb and Zn were determined by AAS. The harvested plant samples were rinsed with deionized water, oven dried at 70 • C for 48 h, ground with an agate mill, and sub-samples (0.1000 g) were digested and then analyzed as described above for the soil samples.
Statistical analysis
All data were subjected to two-way or three-way analysis of variance (ANOVA), and correlation analysis was used to compare soil pH and CaCl 2 -extractable Pb and Zn concentrations using the SAS package (version 8.1, SAS Inc., Cary, NC, USA). 
Results
Soil pH
Application of S decreased soil pH and the highest application rate of S acidified the soil pH from 7.11 to 6.00. (Figure 1 ).
Soil extractable Pb and Zn as influenced by application of S
Soil CaCl 2 -extractable Pb and Zn concentrations were significantly increased by the application of S (Figure 2) . The highest concentrations were 4.2 mg Pb and 0.40 mg Zn kg −1 , 2.7-and 2.0-fold higher than the control for 160 mmol S kg −1 . Soil extractable Pb and Zn concentrations increased as soil pH decreased, and good negative correlations were found between CaCl 2 -extractable Pb or Zn and soil pH, with R 2 values of 0.847 and 0.991, respectively (Figure 3 ).
Soil extractable Pb and Zn with EDTA amendment
EDTA increased soil extractable Pb and Zn concentrations compared to the control with or without applica- tion of S, and the concentrations of soil extractable Pb and Zn also increased with application of S up to a rate of 80 mmol kg −1 (Table 1) . On average, application of EDTA at 8 mmol kg −1 increased soil extractable Pb by over 1000 mg kg −1 compared with 3 mg kg −1 , and Zn by 0.9 mg kg −1 compared with 0.3 mg kg −1 in the control (without EDTA). Similarly, application of S at a rate up to 80 mmol kg −1 increased soil extractable Pb from 468 to 816 mg kg −1 , and Zn from 0.3 to 0.8 mg kg −1 . Additional S (160 mmol kg −1 ) gave a decrease in soil extractable Pb and no effect on Zn (Table 1) . EDTA alone was more effective than S alone in elevating soil extractable Pb and Zn. The combination of 80 mmol S and 8 mmol EDTA kg −1 soil gave the highest extractable Pb of 1148 mg kg −1 representing >1000 times the unamended control value, and 40 mmol S together with 8 mmol EDTA gave 1.3 mg extractable Zn kg −1 , almost 7 times the control value.
Shoot yields
Indian mustard had lower shoot yields than winter wheat, and shoot yields of both plant species declined with increasing application of S and EDTA (Table 2 ). In the treatment with the highest additions of S and EDTA, the shoot yield of Indian mustard declined to 60% of the unamended control and the yield of winter wheat declined to 50% of the control ( Table 2 ). The pattern of the results and the two-way interactions in the ANOVA indicate that S had similar effects on both plant species but EDTA had a stronger yield effect on winter wheat than on Indian mustard. The yield effects of S and EDTA were not interactive.
Shoot Pb and Zn concentrations
Indian mustard had higher shoot metal concentrations than wheat, especially of Pb, and both S and EDTA increased the shoot metal concentrations of in both plant species (Table 3) . EDTA alone was more effective than S alone and the two amendments combined gave an interaction which produced a synergistic effect, leading to hyperaccumulation of Pb in Indian mustard in all of the EDTA treatments except the lowest rate with no S application. Maximum Pb concentrations occurred when the highest rate of both amendments was applied, reaching 7100 and 1095 mg kg −1 in Indian mustard and winter wheat. Shoot Zn concentrations followed similar trends to Pb but were approached hyperaccumulation in either plant species.
Shoot Pb and Zn uptake
Indian mustard shoots took up more Pb and Zn than did winter wheat (Table 4) . Both S and EDTA in- Crop × EDTA * * * S × EDTA * * 1 By analysis of variance; * * * , P < 0.001; * * , P < 0.01. creased metal removal by the shoots and EDTA alone was more effective than S alone. The highest uptake values occurred at the highest rates of both amendments combined except for Zn uptake by winter wheat which reached maximum values with 8 mmol EDTA kg −1 and 20-40 mmol S kg −1 . Maximum quantities of Pb removed by Indian mustard and wheat were 4.12 and 0.45 mg pot −1 and of Zn were 0.72 and 0.32 mg pot −1 . Application of S and EDTA together had a synergistic effect on shoot uptake of the metals. 1 By analysis of variance; * * * , P < 0.001; * * , P < 0.01.
Discussion
This study compared removal of soil Pb and Zn using two non-hyperaccumulator plants, one of which (Indian mustard) had lower yields but hyperaccumulated Pb in the shoots after application of synthetic chelate to the soil and accumulated >7000 mg kg at the highest rates of EDTA and S tested. The higheryielding cereal also hyperaccumulated Pb, but only when both amendments were applied at the highest rates tested and only to a shoot concentration of 1095 mg kg −1 . Lead has very limited solubility in soils and thus availability for plant uptake due to complexation with soil organic matter, sorption on oxides and clay minerals and precipitation as carbonates, hydroxides and phosphates (McBride, 1994) . Enhancement of Pb accumulation by Indian mustard from soils amended with a range of chelates was reported by Blaylock et al. (1997) , who found that EDTA was the most effective chelate tested and that citric acid was not effective. Römkens et al. (2002) have attributed the limited effectiveness of citric acid to its microbial degradation within a few days of application to the soil. In contrast, metal lability can persist for several weeks after application of EDTA to soils, and this may represent a risk of groundwater contamination (Puschenreiter et al., 2001) .
The mobile fraction of soil heavy metals is greatly influenced by soil pH and generally increases as soil pH decreases. Neutral unbuffered salt solutions such as CaCl 2 and NaNO 3 are often used as extractants in single extraction procedures for determination of heavy metals in contaminated soil (Rauret, 1998) . Kayser et al. (2000) used NaNO 3 to extract metals from soil, and found that NaNO 3 -extractable Cd and Zn increased 35-and 8-fold, respectively, when soil pH was lowered from 7.2 to 6.9. In our experiment, S application at 160 mmol S kg −1 increased the concentrations of soil CaCl 2 -extractable Pb and Zn by 2.7-and 2.0-fold at most compared to the controls, resulting in a decrease in soil pH from 7.11 to 6.01. Although Pb is a relatively immobile metal in soils as discussed above, the extractable concentration can show some increase with a decrease in soil pH (Basta et al., 1993; Martínez and Motto, 2000) . However, the lower effectiveness of S application at 160 mmol kg −1 for Pb compared with Zn may be attributable to the greater effect of soil pH on solubility of Zn which is less affected by organic matter. Alternatively, the observation that the highest rate of S application lowered the concentration of soil CaCl 2 -extractable Pb but increased shoot Pb concentrations may indicate that this fraction of soil Pb may be smaller than the fraction actually available to plants. Further studies would be required to determine the best extractant for accurate measurement of the fraction of soil Pb that is available to plants.
Although soil amendment with EDTA was more effective than application of S, the combined application of both agents had a synergistic effect on the extractability of Pb and Zn. Yu and Klarup (1994) studied the influence of pH and concentration of EDTA on the solubilisation of various metals in contaminated sediments and found that in all cases studied the lower the pH and the higher the EDTA concentration, the greater the extraction recovery. Puschenreiter et al. (2001) found that EDTA was much more effective than (NH 4 ) 2 SO 4 at increasing the concentration of soil NH 4 NO 3 -extractable Pb.
Shoot yields of both plant species declined with application of S and EDTA, indicating the possible occurrence of direct toxicity of EDTA or indirect toxicity via increased metal solubility. Decreasing yields of plant shoots with application of EDTA has been reported in several studies (Blaylock et al., 1997; Chen and Cutright, 2001) . When S was applied alone, Kayser et al. (2000) reported that shoot weight in some plants did not change significantly. However, in the present experiment, application of S decreased the yield of the plant shoots, and this may have been due to phytotoxicity from the increase in solubility and bioavailability of the heavy metals.
In addition to its low geochemical mobility and thus low bioavailbility in most soils, Pb is retained by many plants in their roots via sorption and precipitation, with only minimal transport to the aboveground harvestable plant portions (Brennan and Shelley, 1999; Huang and Cunningham, 1996; Kumar et al., 1995) . However, in the present study, application of EDTA and S led to substantial increases in shoot Pb concentrations. These effects were so marked that shoot uptake of Pb and Zn was greatly enhanced despite the adverse effects of the amendments on shoot yields.
Despite the significant effects of the amendments on shoot metal uptake (especially uptake of Pb by Indian mustard), phytoextraction would not be a successful strategy for the remediation of Pb in this heavily polluted soil. The soil contains >3% total Pb, and even with a shoot concentration of 1% and an average yield of 30 tonnes ha −1 , it would take nearly 100 years to bring the Pb concentration down to the Chinese limit for soils at pH 6.5-7.5 of 300 mg kg −1 (Chinese National Standard GB15618-1995) in the top 10 cm. Thus, even with chelate and S enhancement combined, phytoextraction of Pb would only be a practical proposition for lightly or moderately polluted soils.
Conclusions
Both amendments increased the extractable fractions of soil Pb and Zn. EDTA was more effective than S.
Shoot uptake of Pb and Zn by Indian mustard and wheat was increased with S and EDTA amendments. Indian mustard shoots took up more Pb and Zn than winter wheat with or without S and EDTA amendment. The optimum treatment for accumulation of Pb and Zn by winter wheat and Indian mustard was application of S combined with EDTA. Combined application of S and EDTA can be an effective approach to lower soil pH and increase the bioavailability and plant uptake of Pb and Zn. Combined chemical enhancement could be used for the phytoremediation of soils lightly contaminated with Pb but not of the heavily contaminated soil used in this study.
